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Big Picture

We want to understand the next layer of 
matter  at the LHC - Dark Matter

DM content determination mostly 
depend on colorless particles, 
e.g., sleptons, staus, charginos, neutralinos,  etc. and also depend on
small mass gaps ( M) between lightest (LSP) and next to 
lightest particles (NLSP)

How do we  produce these non-colored particles and the DM 
particle at the LHC? Can we understand the origin of DM? 



Dark Matter: Thermal
Production of thermal non-relativistic DM: 

Freeze-Out: Hubble expansion 
dominates over the interaction rate 

Non-relativistic
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Suitable DM Candidate: 
Weakly Interacting Massive Particle (WIMP) 

Typical in Physics beyond the SM (LSP, LKP, …) 

Most Common: Neutralino (SUSY Models)

Neutralino: Mixture of Wino, Higgsino and Bino

Wino, Higgsino smaller M is inevitable between NLSP & LSP
Bino May require smaller M between NLSP &LSP for thermal DM
Can we establish these features at the LHC?

Dark Matter: Thermal

Larger annihilation
cross-section, smaller mass gaps

smaller annihilation
cross-section
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Dark Matter: Non-Thermal

Decay of moduli/heavy field  occurs at:

)MeV5(
TeV100
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Tr ~ MeV :  Not allowed by BBN

[Moduli : heavy scalar fields gravitationally coupled to matter]

vann : different from thermal average,                       is not 26% 
Non-thermal DM can be a solution

DM from the decay of heavy scalar 
field, e.g., Moduli decay 

For Tr<Tf:  Non-thermal dark matter
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Abundance of decay products
DM content: also need to consider the DM annihilation.

Inflation

radiation 
domination

moduli
domination

radiation
domination

Decay of moduli
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Benefit of Non-Thermal DM
For Tr < Tf,  larger annihilation cross-section 

is needed for 

For Tr<< Tf,  Yield                           is small enough (10-10) 
DM will be produced without any need of annihilation
[Note: For mDM~10 GeV, Y is needed to be ~10-10 to satisfy the DM   
content]

Outcome:
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Large (Wino/Higgsino) and small  annihilation (Bino)
cross-section from models are okay
We may not need any annihilation

Since                          other particles,  abundance (for Tr<< Tf): 10-10       

The Baryon and the DM abundance are correlated ~ 10-10
DM

Barrow, ‘82; Kamionkowski ,Turner, ‘90; Gelmini, Gondolo, Soldatenko, Yaguna, ‘07
Allahverdi, Dutta, Sinha,’09,’10,’11,’12,’13; Acharya,Kane, Kumar,Watson, ‘09,’10

%26

Dark Matter: Non-thermal
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Thermal, Non-thermal
LHC: Measurement of DM annihilation cross-section, 

smaller M is crucial
: Large multicomponent/non-thermal; 

Small Non-thermal

DM annihilation from galaxy, extragalactic sources:

Annihilation into photons: Fermi, H.E.S.S.

Annihilation into neutrinos: IceCube

Annihilation into electron-positrons: AMS

vann

Small DM effects in the annihilation cross-section 
are absent in the data from the present epoch  
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Recent Higgs search results from Atlas and CMS indicate
that mh ~126 GeV

LHC status…

• in the tight  MSSM window <135 GeV

TeV

For TeV

700  GeV

produced directly, GeV (special case)

excluded between 110 and 280 GeV for a mass-less        or for   
a mass difference >100 GeV, small M is associated with small   
missing energy

masses between 100 and 600 GeV are excluded 
for mass-less       for         or for the mass difference >40 GeV
decaying into e/
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Natural SUSY and dark matter [Baer, Barger, Huang, Mickelson, 

Mustafayev and Tata’12; Gogoladze, Nasir, Shafi’12, Hall, Pinner, Ruderman,’11; 

Papucchi, Ruderman, Weiler’11],
Higgs mass 125 GeV & Cosmological gravitino solution 
[Allahverdi, Dutta, Sinha’12]   

Higgsino dark matter
Higgsino dark matter has larger annihilation cross-section
Typically > 3 x 10-26cm3/sec for sub-TeV mass
Thermal underproduction of sub-TeV Higgsino

LHC Constraints and DM
LHC constraints on first generation squark mass + Higgs mass:

Can we establish this scenario  at the LHC?
Higgsino DM has small M
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Small M

Small mass gaps between LSP and NLSP
coannihilation increase the annihilation cross-section
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Co-annihilation (CA) Process
Griest, Seckel ’91
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The signal : 
jets + leptons+ t’s +W’s+Z’s+H’s + missing ET

Small Small M  via M  via cascadecascade

(or l+l-, )
DM

DM

Colored particles are 
produced  and they 
decay finally into the 
weakly interacting stable 
particle

High PT jet

High PT jet

[mass difference is large]

The pT of jets and leptons
depend on the sparticle
masses which are given by 
models

R-parity conserving

(or l+l-, )
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Small Small M via M via cascadecascade
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12

Low energy taus
characterize the 
small mass gap

However, one needs to 
measure the model 
parameters to predict the
dark matter content in this 
scenario

Typical decay chain and final states at the LHC

Jets + ’s+ missing energy
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Small Small M via cascadeM via cascade

= 50%, ffake = 1% for pT
vis > 20 GeV
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Arnowitt, Dutta, Gurrola, Kamon, 
Krislock and Toback’PRL, 08



14

Solved by inverting the following functions:
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Small Small M M via via VBFVBF

How can we probe the colorless SUSY sector if  
the first two generations are heavy?

We will use VBF topology: Tagging VBF jets

Refs (For example): 
A. Datta, P. Konar, and B. Mukhopadhyaya, PRL 88 (2002) 181802. 
G. Giudice, T. Han, K. Wang, and L.T. Wang, PRD 87 (2013) 035029 

A.G. Delannoy, B. Dutta, A. Gurrola, W. Johns, T. Kamon, E. Luiggi, A. Melo, 
P. Sheldon, K. Sinha, K. Wang, S. Wu, PRL 111 (2013) 061801 

Challenge:

Dutta, Gurrola, Kamon, John, Sinha, Shledon; Phys.Rev. D87 (2013) 035029 
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VBF For small M  



Compressed SUSY Via VBF 
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• Direct probes of charginos, neutralinos and sleptons: 
Do not have strong limits from the LHC (depends on Dm 

• The weak Bosons from protons can produce them
We need special search strategies

P + P 

Two high ET forward jets in opposite hemispheres with large dijet invariant mass

DM



Compressed SUSY Via VBF 
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jjjjjjjjpp 0
2
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0
211111
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Signal:                        missing energy,                             22 j missing energy                             22 j

For :     0
1

0
21

~, mmmm l

Small mass ( m)  difference between chargino and neutralino

Dutta, Gurrola, Kamon, John, Sinha, Shledon; Phys.Rev. D87 (2013) 035029 



CharginosCharginos, , NeutralinosNeutralinos via VBFvia VBF

GeV 75  MET GeV; 650)(

0  ;24

GeV  75  )(jp  GeV; 50(j)p with jets 2

21

21

1TT

j,jM
.

2 Benchmark Scenarios2 Benchmark Scenarios

30 GeV 30 GeV

19

180 GeV

90 GeV 90 GeV

180 GeV



VBF KinematicsVBF Kinematics

Signal Characteristics:
Large MET, large Mjj, large pT jets

Phys. Rev. D 87, 035029 (2013)
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+missing energy
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2 jets  each with pT>50 GeV, leading pT>75 GeV
(j1,j2)|>4.2,  j1 j2<0, Mj1j2>650  GeV

TeV

Lum: 25 fb-1

Signal:                          missing energy                             

8s

22 j

Two  's with pT >20 GeV in < 2.1, with R( ) > 0:3. All  's are hadronic
The  ID efficiency is assumed to be 55% and the jet Mis-
identification rate is taken to be 1%, 

GeV,180~ 0
21
~~ mm
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+missing energy

2.4 



+missing energy
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2 jets  each with pT>50 GeV, leading pT>75 GeV
(j1,j2)|>4.2,  j1 j2<0, Mj1j2>650  GeV

TeV

Lum: 25 fb-1

8s

Signal:                          missing energy                             22 j

Two  isolated 's with pT >20 GeV in < 2.1

For 3 :

GeV,180~ 0
21
~~ mm

GeV330~ 0
21
~~ mm
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+missing energy

6 



Compressed Sleptons Via VBF 
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jjpp ~~
Signal:                        missing energy,                             22 j

GeVmmm 150
1
~~

Small mass gap measurements using VBF topology
Various Coannihilation regions:
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jjvpp ~~ Signal:                        missing energy,                             12 j



Compressed Sleptons Via VBF 
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LHC 14 TeV data):  
3 reach is 150 GeV for 3000 fb-1

Dutta, Ghosh, Gurrola, Kamon, Sinha, Wang, Wu; to appear

Signal:                        missing energy,                             12 j

Combining

jjvjj ~~,~~

Typical Backgrounds



Stop at the LHC
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Utilize Stop decay modes to search  charginos, sleptons, neutralinos

Existence and type of DM particle, hard to calculate the DM content

2 jets+ 2 leptons (OSSF-OSDF)
+missing energy

Ex. 3       is mostly  Bino-Higgsino
Correct relic density

0
1

For lighter sleptons

Dutta, Kamon, Kolev,Wang, Wu, 
Phys. Rev. D 87, 095007 (2013) 

Ex. 1      is mostly bino and       is wino

Topness variable to identify stops

Stop can identified via fully hadronic or 
1 lepton plus multijet final states

Ex. 2         are mostly Higgsino0
2,1

0
1

0
2

[Bai, Cheng, Gallichio, Gu, JHEP 1207 (2012) 110 
;Han, Katz, Krohn, Reece, JHEP 1208 (2012) 
083;Plehn, Spannowsky, Takeuchi, JHEP 1208 
(2012) 091;Kaplan, Rehermann, Stolarski, JHEP 
1207 (2012) 119; Dutta, Kamon, Kolev, Sinha, Wang, 
Phys.Rev. D86 (2012) 075004 ]

Grasser, Shelton, Phys.Rev.Lett. 111 (2013) 121802



Compressed Stop Via VBF 
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Small M have cosmological consequences



Compressed Stop Via VBF 
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Signal:  2 j + 2 b + 1 l + missing energy

Compressed Region:  GeVmmM t 165,1800
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Compressed Stop Via VBF 
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0
1
~~: WbtmM t

0
1
~~: ttmM t

2 leading jets (j1,j2) :  pT (j1,j2) >(75,50) GeV , 
| (j1, j2)| > 3.5 and j1 j2 < 0, Mj1j2 > 500 GeV; MET is optimized 
One isolated lepton (pT > 20), two loose b jets (pT > 30 ) : <2.5

Cuts:



Compressed Stop Via VBF 
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The significance reduces to 3 with 3% sys . for 200 GeV stop

Dutta, Flanagan, Gurrola, Kamon, Sheldon,Sinha, Wang, Wu; 1312.1348

0
1
~~: WbtmM t

0
1
~~: ttmM t

183 GeV
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Compressed Sbottom

We probe this region



Compressed Sbottom Via VBF 
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b~

*~b

Signal:  2 j + 1 b + missing energy

Compressed Region:  GeVmmM b 50
1

~

(Delphes,140 pileup): 300 GeV with 3 syst.@3000fb-1

similar reach for 300 fb-1 with 0 pileup]

Signal:  2 j + 1 b + missing energy:

Signal:  2 j + missing energy:
(Delphes,140 pileup): 300 GeV with 3 syst.@3000fb-1

Dutta, Gurrola, Kamon, Sinha, Wang, S. Wu, Z. Wu; to appear



Compressed Sbottom Via VBF
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Significance  vs mass with systematics (Preliminary)



Compressed Sbottom Via VBF
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Significance  vs mass with systematics with pile-up



Compressed Higgsino Via VBF
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Lightest neutralino: Higgsino

:  similar mass0
21

0
1

~,~,~

We consider 10 GeV mass difference with final state

2 j+ Met + 1 lepton

2 leading jets (j1,j2) :  pT (j1,j2) >(75,50) GeV , 
| (j1, j2)| > 3.5 and j1 j2 < 0, Mj1j2 > 500 GeV; MET is optimized 
One isolated lepton (pT > 20), two loose b jets (pT > 30 ) : <2.5
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Cross Sections via VBFCross Sections via VBFCompressed DM Via VBF
jjpp 0

1
0
1
~~

CDM
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Compressed DM Via VBF
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Compressed DM Via VBF
Preselection: missing ET > 50 GeV, 2 leading jets (j1,j2) :pT (j1),pT(j2) >30 
GeV , | (j1, j2)| > 4.2 and j1 j2 < 0. 
Optimization: Tagged jets : pT > 50 GeV, Mj1j2 > 1500 GeV; 
Events with leptons(l = e; ; h) and b-quark jets: rejected. 
Missing ET : optimized for different value of the LSP mass.

Jet energy scale uncertainty ~20% change the significance by 4%

Delannoy, Dutta, Kamon, Sinha, Wang, Wu et al; Phys.Rev.Lett. 111 (2013) 061801



40

Compressed DM Via VBF
Simultaneous fit of the observed rate, 
shape of missing energy distribution:
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Models  with Double Charged 
HiggsVia VBF 

ccihL jLL
T
iL

M
ijY 2C

jjPPjjPP ,

At the LHC: 

%50)(%,50)(.2 eeBRBR LL

%100)(.1 LBR
Two scenarios
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Double Charged Higgs Via VBF

2 leading jets (j1,j2) :  pT (j1,j2) >(50,50) GeV , 
| (j1, j2)| > 4 and j1 j2 < 0, 
Mj1j2 > 500 GeV; MET>50 GeV
At least 3 h with pT> 50, 50 ,30 GeV

%100)(.1 LBR

After all cuts

Dutta, Eusebi, Ghosh, Gao, Kamon, 1404.0685
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Double charged HiggsVia VBF
%50)(%,50)(.2 eeBRBR LL

2 leading jets (j1,j2) :  pT (j1,j2) >(50,50) GeV , 
| (j1, j2)| > 4 and j1 j2 < 0, 
Mj1j2 > 500 GeV; MET>50 GeV
At least 3 leptons with pT> 120, 100, 50, 30

After all cuts
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Conclusion
Measuring small mass gaps at the LHC is very important

Small mass gaps between LSP and NLSP have 
cosmological consequences

For heavier colored particles, VBF topology is very 
helpful in establishing signals with small mass gaps

Small mass gaps can be measured from cascade 
decays of squarks, gluinos
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Back-up


